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ParA and ParB homologs from Caulobacter crescentus sporulation that is antagonized by Spo0J. Although the and B. subtilis function in chromosome partitioning (Ire-⌬(soj-spo0J) double mutant can sporulate at wild-type ton et al., 1994; Mohl and Gober, 1997) . Chromosomal levels, it is still defective for chromosome partitioning, genes coding for ParA and ParB homologs have now indicating that the primary role of Spo0J in sporulation been identified in many Gram-negative and Gram-posiis regulatory. This may represent a signaling pathway tive bacteria, suggesting a high degree of evolutionary that controls sporulation when chromosome organizaconservation in the components involved in chromotion or partitioning is defective. some segregation.
We have investigated the mechanisms by which Our knowledge of ParA-and ParB-type proteins is Spo0J and Soj regulate spore formation. Soj is known based primarily on studies of the plasmid-encoded proto inhibit expression of sporulation genes that are actiteins, particularly those from the P1 prophage (ParA and vated by the phosphorylated form of the transcription ParB) and the F plasmid (SopA and SopB) of Escherichia factor Spo0A (Ireton et al., 1994) . At least part of this coli. parA and parB are typically together in an operon. effect appears to be direct, as purified Soj inhibits tran-ParA is an ATPase, interacts with ParB, and can also scription in vitro of one of the sporulation promoters (Cervin et al., 1998). Using cross-linking and immunoprecipitation, we have found that Soj is associated with the and this association is increased in the absence of amount of DNA present in the immunoprecipitation nor in the amount of Soj present in the cells. All the immuno-Spo0J. Furthermore, using fusions of Soj to GFP, we precipitations were done from an equal amount of found that in spo0J ϩ cells, Soj is localized predominantly sheared DNA (Figure 1, right-hand panels) , and there is near the cell poles. Upon entry into stationary phase, slightly less Soj protein present in spo0J null mutants Soj oscillated from pole to pole. In spo0J mutant cells, than in wild-type cells (S. Venkatasubramanyam and Soj was predominantly associated with DNA, consistent A. D. G., unpublished results). The presence of DNA with the cross-linking and immunoprecipitation results. from these sporulation genes in the immunoprecipitate These findings indicate that Soj functions as a regulatory was specific to Soj, as little or no DNA was detected in switch controlled by Spo0J. When Spo0J is functional, immunoprecipitates from an soj spo0J double mutant Soj associates with cell poles. When Spo0J is absent, (Figure 1) . These results indicate that Soj specifically Soj can relocalize to the chromosome, binding to and associates with DNA near the spoIIA, spoIIE, and spoIIG inhibiting transcription from the sporulation promoters.
operons and that this association increases in the ab-Mutations in the conserved ATPase domain of Soj alter sence of Spo0J. Given the effects on gene expression localization and render Soj insensitive to Spo0J. Spo0J in vivo (Ireton et al., 1994) and in vitro (Cervin et al., probably regulates Soj by affecting ATP binding and 1998), it seems most likely that Soj is directly associated hydrolysis.
with the promoter regions of these sporulation genes.
Results

Soj Localizes Near the Cell Poles in a Spo0J-Regulated Manner Soj Cross-Links to the spoIIA, spoIIE, and spoIIG
We localized Soj in living cells by visualizing the fluores-Promoter Regions in a Spo0J-Regulated Manner cence of both N-and C-terminal fusions of Soj to GFP Previous work has shown that expression of the spoIIA, (Soj-GFP and GFP-Soj). gfp-soj was expressed from spoIIE, and spoIIG operons is inhibited in a spo0J null the xylose-inducible promoter Pxyl, and soj-gfp was exmutant (Ireton et al., 1994). All three of these loci are pressed from a functional portion of the native soj prorequired for the establishment of cell type-specific gene moter (see Experimental Procedures). The amount of expression and are directly activated by the transcrip-GFP-Soj expressed from Pxyl (0.1% xylose) was similar tion factor Spo0A (Wu et al., 1989; Satola et al., 1991;  to the amount of wild-type Soj, and the GFP-Soj fully York et al., 1992) . Soj might affect transcription of spoIIA, complemented an soj null mutation. The amount of the spoIIE, and spoIIG by functioning as a direct transcrip-Soj-GFP fusion protein was ‫%52ف‬ of that of wild-type Soj and only partly complemented an soj null mutation. tional repressor of each promoter. Other members of Soj-GFP allowed approximately 1% of cells to sporulate the ParA family are known to act as transcriptional rein a ⌬spo0J background versus wild-type Soj, which pressors ( poles of the cells, typically as a band or two adjacent mental Procedures). In brief, formaldehyde was added foci that may represent a ring structure (Figures 2a-2h ). to cultures to cross-link proteins and DNA. Cells were A low level of fluorescence was also detected throughlysed, and the DNA was sheared into fragments with an out the cell. Localization of Soj-GFP in cells stained with average size of 500-1000 bp. We used affinity-purified the membrane dye FM4-64 demonstrated that Soj is polyclonal antibodies to immunoprecipitate Soj and closely appressed to cell septa (Figures 2c-2f ). Incom-DNA associated with Soj. After thorough washing, the plete septa can be visualized as broken lines crossing cross-links were reversed, and the presence or absence the cell (Pogliano et al., 1999) . Soj-GFP is only rarely of a particular region of the chromosome in the immunoassociated with incomplete septa, suggesting that it precipitate was analyzed by PCR. arrives late to newly forming cell poles, usually after We found that Soj was associated with the promoter septation is complete (Figures 2e and 2f) . The localizaregions of the spoIIA, spoIIE, and spoIIG operons in tion pattern of Soj is clearly distinct from that of Spo0J. vivo, in both wild-type cells and in a spo0J null mutant Spo0J typically localizes as foci at the 1/4 and 3/4 posi- (Figures 1a-1c 2j and 2k ). These results regions in the immunoprecipitate from wild-type and show that Spo0J is needed to maintain Soj at the poles. spo0J mutant cells. There was approximately 4-fold
In the absence of Spo0J, Soj moves to the nucleoid, more specific DNA in the immunoprecipitates for the where, as shown above by cross-linking in vivo, it asso-spo0J null mutant than from wild-type cells (Figure 1) . ciates with the promoter regions of several sporulation genes. This difference was not caused by an increase in the
Figure 1. Association of Soj with the Promoter Regions of Sporulation Genes In Vivo
Wild-type (JH642), ⌬spo0J (AG1468), and ⌬(soj-spo0J) (AG1505) strains were grown in 2xSG medium at 37ЊC. Two hours after the end of exponential growth, formaldehyde was added to cross-link protein and DNA. Protein-DNA complexes were immunoprecipitated using anti-Soj antibodies. The presence of a given promoter region was assayed by PCR amplification with primers designed to amplify the promoter regions of spoIIA (a), spoIIE (b), spoIIG (c), and codV and recA as controls. IP DNA lanes, DNA products from PCR assays performed on a dilution series (4, 2, 1, 0.5, and 0.25 l) of the immunoprecipitated material. Total DNA lanes, DNA products from PCR assays performed on a dilution series (the equivalent of 1/250, 1/500, 1/1000, 1/2000, and 1/4000 l) of sample DNA taken prior to immunoprecipitation.
The fact that both GFP fusions exhibit Spo0J-depen-may be some exceptions to the generally back-andforth motion. dent localization strongly suggests that the fusion proteins accurately reflect localization of the wild-type Soj
We 2i-2k with Figure 4f ). We suspect that SojG12V can bind to ATP but has a decreased rate of lent glycine-to-valine mutation in Ha-ras p21 results in a Ras protein that can bind GTP but has a greatly re-hydrolysis, causing it to remain predominantly in the ATP-bound form. If this is the case, then Soj-ATP local-duced rate of hydrolysis (Vogel et al., 1988) 
. The SojG12V mutant protein accumulates to near wild-type levels izes to the cell poles and Soj-ADP binds DNA (see Discussion). (data not shown).
We tested the function and localization of each of the The sojG12V mutation also abolished pole-to-pole movement. When cells expressing wild-type GFP-Soj mutant proteins. All three behaved genetically like null mutations. That is, they bypassed the need for spo0J entered stationary phase, the narrow polar bands of GFP-Soj changed into large polar foci that became mo-for sporulation, indicating that the ATPase mutants were unable to function to inhibit sporulation. Visualization of bile (Figures 3a and 3b) . GFP-SojG12V did not form large polar foci. Instead, it remained in narrow polar the intracellular localization of SojK16Q and SojD125A with C-terminal GFP fusions indicated that the mutant bands that neither moved nor showed any tendency to disassemble and reassemble (data not shown). proteins were distributed throughout the cell (Figures  4a-4d) (Cervin et al., 1998) (J. D. Q. and A. D. G., unpublished to ATP versus ADP and that it is the bound nucleotide that determines whether Soj localizes to the pole or to results). Therefore, we have not been able to determine the effects of the mutations on ATP binding and hydroly-the nucleoid. Spo0J is required to maintain wild-type Soj at the cell pole but has no effect on localization of sis in vitro.
. The presence or absence of Spo0J had no ap-Despite considerable effort, ATP binding and hydrolysis have not been detected with purified Soj in vitro parent effect on the localization of these mutant proteins
Soj proteins carrying mutations in the ATPase domain. The SojG12V mutant protein localizes to the cell pole Discussion even in ⌬spo0J cells. We suspect that the SojG12V mutant binds ATP but is defective in hydrolysis, causing it We have shown that Soj is a surprisingly mobile protein to remain primarily in the ATP-bound state. Together within the cell, exhibiting dynamic localization that corthese data suggest that Soj-ATP localizes to the poles, relates with its role as a developmental regulator. In while Soj-ADP, like ParA-ADP (Bouet and Funnell, 1999) , spo0J ϩ cells, Soj associates with cell poles, undergoing binds to DNA. Perhaps Spo0J acts to increase the ratio rapid, pole-to-pole oscillation as cells enter stationary of Soj-ATP to Soj-ADP. Spo0J could accomplish this phase. Soj responds to a defect in the Spo0J chromoby either inhibiting Soj-ATP hydrolysis or by acting as some partitioning protein by relocalizing to the nucleoid a nucleotide exchange factor to rapidly convert Soj-ADP and ceasing any dynamic behavior. Concurrent with nuback to Soj-ATP. cleoid localization, Soj increases its association with It is also possible that SojG12V is a hyperactive sporulation promoters and inhibits transcription. In addi-ATPase. In this case, it would be Soj-ATP that is bound tion, both localization and pole-to-pole movement of Soj to DNA and Soj-ADP that is at the cell poles. Spo0J are probably regulated by ATP binding and hydrolysis. would then stimulate ATP hydrolysis or stabilize the ADP-bound form.
Soj Associates with and Regulates
Based on analogy to the plasmid partitioning protein
Sporulation Promoters
ParA, we favor the model in which Soj-ADP binds DNA.
Using in vivo formaldehyde cross-linking, we have
ParA-ADP binds DNA and represses transcription of its shown that Soj is associated with DNA near three develown operon, while ParA-ATP interacts with the partiopmentally regulated promoters: spoIIA, spoIIE, and tioning complex. ParB (a Spo0J homolog) transiently spoIIG. In addition, we have found that Soj inhibits syncontacts ParA and affects its function by modulating thesis of the transcription factor Spo0A, which is itself the ATPase activity of ParA (Bouet and Funnell, 1999) . an activator of these three sporulation loci (J. D. Q. and
We predict that the plasmid ParB (SopB) proteins stimu-A. D. G., unpublished data). In a spo0J null mutant, Soj late ATP hydrolysis by stimulating exchange of ADP associates more strongly with these loci, and expression for ATP. of the genes is repressed in a Soj-dependent manner. Some Soj protein is found throughout spo0J ϩ cells, Most likely, Soj is a direct transcriptional repressor that consistent with the model that Soj exists in an equilibbinds to these promoters and inhibits transcription. It rium between a nucleoid-associated state and a poleis known that other ParA family members act directly as associated state, with a small fraction in transit between transcriptional repressors (Friedman and Austin, 1988; locations. The function of Spo0J may be to continually Mori et al., 1989) . Additionally, Soj is known to inhibit convert Soj from the nucleoid-associated state to the spoIIG transcription in vitro (Cervin et al., 1998) . At least pole-associated state, preventing Soj from accumulatpart of the defect in sporulation caused by a spo0J null ing at sporulation promoters. Soj localization would be mutation is due to the effect of Soj on expression of sensitive to changes in Spo0J activity, and a failure spo0A (J. D. Q. and A. D. G., unpublished data). We in the chromosome partitioning process that disrupted suspect that the increased binding to these and perhaps Spo0J function could quickly lead to relocalization of other sporulation promoters is sufficient to cause the Soj to the nucleoid and repression of target promoters. defect in sporulation.
Visualization of the subcellular localization of Soj, with GFP fusions, indicated that most of the Soj protein is
Oscillation of Soj from Pole to Pole near the cell poles and that Spo0J is required to maintain Surprisingly, we have found that GFP-Soj foci move Soj at the poles. In the absence of Spo0J, Soj dissociates from pole to pole in early stationary phase cells. This from the cell poles and colocalizes with the nucleoid. Soj motion requires Spo0J and happens on a time scale of localization to the nucleoid correlates with the increased minutes. In a spo0J null mutant, GFP-Soj loses mobility association of Soj with the sporulation promoters and and adheres to the nucleoid. In E. coli, the ATPase and the inhibition of sporulation. cell division regulator MinD, an Soj homolog, exhibits similar oscillatory motion on a time scale of seconds (Raskin and de Boer, 1999).
Spo0J and the Soj ATPase Domain Regulate Soj Localization
The pole-to-pole oscillation of Soj appears to require functional ATP binding and hydrolysis. The SojG12V mu-Spo0J regulates Soj localization even though, for the most part, the two proteins do not colocalize. This con-tant protein is fully capable of localizing to the cell pole but cannot undergo the coordinated disassembly and trasts with bacterial cell division proteins that assemble sequentially into a ring at midcell and are retained reassembly necessary for pole-to-pole movement. Given the similarity of Soj to MinD, we suspect that MinD also through stable interactions with other colocalizing proteins (Lutkenhaus and Addinall, 1997; Chen et al., 1999;  requires ATPase activity to shift back and forth across the cell.
Weiss et al., 1999).
We propose that Spo0J regulates Soj through tran-What is the purpose of this motion? We propose that it is a mechanism to allow Soj to sample the nucleoid. sient interactions that influence the ratio of Soj bound 
